The non-linearity analysis is one of the most important issue when defining the static characteristics of temperature sensors, namely thermoresistive sensors. The purpose of this work is to propose a simple approach based on measuring the signal conditioning parameters to define the model of measured temperature. The developed approach is utilized to obtain a relationship between the bridge parameters and the final measured value of temperature. The data acquisition and signal processing are carried out by Arduino Uno and LabVIEW software.
INTRODUCTION
Most of technological processes are now on the path to automation. Since controlling of numerous mechanisms and machines is simply unthinkable without accurate measurements of various physical quantities. Among these physical quantities are the measurement of pressure, measurement of angular velocity, measurements of linear displacement and temperature and many other quantities. But the most common (about 50 %) are temperature measurements. For example, the average nuclear power plant has approximately 1500 control (measuring) points for temperature measurement, and large-scale chemical production has about 20 thousand of them [1] [2] [3] .
Another example of temperature measurement is when temperature sensors are used to monitor the air temperature in rooms, for example, in storages. On the other hand, in boiler rooms, the temperature sensor ensures that the temperature of steam (gas) or liquids (water, oil, etc.) is kept constant to ensure safety and comfort conditions [4] . In hydraulic drive system, the set fluid or oil temperature is maintained to ensure the efficiency of the equipment. As well as in many other industries, the main production factor is temperature [5] .
Since the measurement range and their conditions can vary for different types of sensors (and primary transducers) that have been developed in terms of accuracy, noise immunity and speed response. Whatever type of temperature sensor, the principle of conversion is common to all. Namely: the measured temperature is converted into an electrical value). This is due to the fact that it is easy to transmit an electrical signal over long distances (high speed reception and transmission).
A temperature sensor is a test instrument that reports the temperature in a system that it controls. In this case, the temperature value is determined using an electrical signal at the output of the instrument, for example the instrument could be a thermal resistance which can vary according to the temperature change [6] .
Thermal resistor is also sometimes called a resistance thermometer. The principle of operation is based on the measurement of platinum or copper calibrated resistance. Temperature sensors can be divided into non-contact (or contactless) temperature sensors and contact temperature sensors. Contactless temperature sensors apply the principle of measuring the power of infrared radiation that comes from any object (cold or hot). Non-contact temperature sensors are used in industries where it is difficult to access the measured parts or, if necessary, to measure high temperatures -from 1500 to 3000 °C [7] .
Some models of such contactless sensors are specifically designed to measure the temperature of transparent objectsfilm and glass, there are sensors for working in dusty or smoky environments.
Contact temperature sensors are mainly represented by thermocouples and thermal resistances. This method of temperature measurement is based on the fact that various metals and semiconductors change their electrical resistance with temperature, as a result of which an electrical signal is obtained at their outputs.
As a special case that should be noted is silicon temperature sensors. The principle of their work is based on the ability of silicon, as a semiconductor, to change its own electrical resistance due to temperature changes. Such temperature sensors, as a rule, are equipped with additional amplification and signal processing circuits, which allows to connect such a temperature sensor directly to a computer [8] [9] [10] [11] [12] .
THEORETICAL BACKGROUND
Thermal resistive temperature sensors are based on the principle of variation of electrical resistance (semiconductor or conductor) with temperature. They were developed for the first time for oceanographic research. The main element of these researches is a thermistor -an element that changes its resistance depending on the ambient temperature [13] .
The undoubted advantages of thermal sensors of this type are: long-term stability, high sensitivity, as well as the simplicity of developed interfacing circuits.
Depending on the materials used to produce thermal resistance sensors, there are Ref. [14] [15] [16] : 1) Resistive temperature detectors (RTD). These sensors consist of metal, most often platinum. In principle, any metal changes its resistance when exposed to temperature, but platinum is used since, it has long-term stability, strength and reproducibility of characteristics. Tungsten can also be used to measure temperatures above 600 °C. The disadvantage of these sensors is the high cost and non-linearity of the characteristics.
2) Silicon resistive sensors. The advantages of these sensors are good linearity and high long-term stability. Also, these sensors can be embedded directly into the microstructure.
3) Thermistors. These sensors are made of metal-oxide compounds. Sensors measure only absolute temperature. Significant disadvantages of thermistors are the need for calibration and high nonlinearity, however, when carrying out all the necessary settings, they can be used for precision measurements.
Semiconductor sensors register changes in the characteristics of the p-n junction under the influence of temperature. In practice, any diode or bipolar transistor can be used as thermal sensor. The dependence of the voltage across the transistor on the absolute temperature (in Kelvin) makes it possible to implement the transistor as an accurate sensor.
The advantages of such sensors are simplicity and low cost, linearity of characteristics, small error. In addition, these sensors can be formed directly on a silicon substrate. All this makes semiconductor sensors very popular.
This article is concerned about the quality of research results when measuring temperature using RTD. It was shown that in many research papers and reports, the error or the errors of measurement(s) are described in the intermediate measurement results or the final conclusions of the experiment.
The true value of temperature can be established only by taking an infinite number of measurements, which is impossible to implement in practice and this true value is unachievable, and for error analysis, the actual value of temperature is used for analysis of errors using the most advanced measurement method and the most high-precision measuring instruments. Thus, the measurement error is a deviation from the real value ∆ = tM-ta. where tM. -the value of temperature obtained on the basis of measurements; ta. -the actual value of temperature.
In this paper, the author, presents a novel approach of error analysis of resistive temperature detector according to the signal conditioning parameters to which the sensor is connected into.
LITERATURE REVIEW
The error analysis of resistive temperature sensors is considered as one of the most important issue in measurement and instrumentation. In work [17] , the author makes a comparison between different RTD signal conditioning circuits. It was shown that accuracy improvement of the measured temperature depends on the selected temperature sensor, the signal conditioner and the area where the temperature sensor is implemented.
The authors of work [18] present a software-based approach to calculate the error of measurement when RTD is used to measure temperature. The statistical methods of analyses are utilized to calculate the error of measurement and the confidence intervals. It was shown that uncertainties will be higher for the higher standard deviation.
In work [19] , the authors provided uncertainty analysis of temperature-resistance relationship of temperature sensing fabric. Experimental data were collected and analysed by LabVIEW software. The authors utilized regression model to analyse the error of measurements. It was shown that, the temperature and resistance values are not only repeatable, but reproducible, with minor changes.
In work [20] , the author provides the description of errors that are important for both passive and active transducers, including resistive temperature sensor. The work illustrates the error of measurement as an important issue in theoretical study of principles of operations for active and passive transducers.
RTD is also used in work [21] to test uncertainty analysis of temperature measurement system using interval arithmetic. It was shown that, using the interval method to analyse the uncertainty in the temperature measurement system provides a coincidence, which certainly includes all the possibilities resulting from the full range of input uncertainty.
In work [22] , the authors focus on the problems of connecting temperature sensors into Analog-to-Digital Converter (ADC). The aim of their work is to eliminate the effect of lead wire connections which plays a great role in sensitivity analyses and error of measurement.
The literate review shows that most of researches regarding error analyses (when RTD is used to measure temperature of an object), and these researches can be classified into the following categories 1. Researches discusses the theoretical concepts of error and their definitions, and mathematical representation. 2. Researches that illustrate improvement of statistical data processing taken from temperature sensors, i.e. RTD. 3. Researches that propose a solution for further signal conditioning and processing. In this paper the author illustrates a novel approach of nonlinearity analyses for resistive temperature sensors, namely RTD. The approach is based on proposing a nonlinear representation of the measured value as a function of signal conditioning circuit parameters.
METHODOLOGY
We describe in a mathematical form the conversion of the measured signal, assuming that the temperature of the controlled medium does not change with time.
The dependence of the resistance of a metal thermoresistor on the temperature with sufficient accuracy for practice is described by a power series [22] :
In this case, Eq. (1) is called the calibration characteristic of a thermoresistor. The greater degree of the polynomial, the more accurate static characteristic of the thermoresistor.
In Eq. (1), the variable t expresses the deviation of the temperature of the controlled medium from a certain temperature, taken as the normal temperature (for example, from temperature 0 = 20 0 ). In this case = − 0 , 0 is the resistance of the thermoresistor at normal temperature 0 .
In the average range of a temperatures (−50 … + 200 0 ) for copper thermoresistor 1 = 4,28 ⋅ 10 −3 0 −1 , 2 = 3 = ⋯ = 0. The static characteristic of a copper thermoresistor in this temperature range can be considered linear. With an increase in temperature of 10 degrees, the resistance of such a thermoresistor increases by 4.28 %. For platinum thermoresistor 1 = 3.96847 ⋅ 10 −3 0 −1 , 2 = −5.847 ⋅ 10 −7 0 −2 , 3 = 4 = ⋯ = 0 , for nickel 1 = 5.86 ⋅ 10 −3 0 −1 , 2 = 8 ⋅ 10 −6 0 −2 , 3 = 4 = ⋯ = 0 , i.e. their static characteristics in the average range of temperatures are nonlinear.
More detailed information about the results of the calibration of thermoresistor for general industrial use can be found from the reference data. These data should be considered as averaged for a set of thermoresistor, which may differ from each other (for example, by the composition of micro-impurities of a heat-sensitive material). Therefore, with high demands on the accuracy of measurement results, the individual calibration of static characteristic of a thermoresistor (in general case is nonlinear) is used.
However, in order to simplify the subsequent analysis and assuming that the temperature range of the controlled medium is insignificant, we will neglect the nonlinear terms in Eq. (1), i.e. assume that the dependence of the resistance of the thermoresistor on the measured temperature is
The values of ′ 0 and ′ 1 can be determined by considering Eq. (2) as an equation of the approximating straight line using least squares method.
The deviation of the actual characteristic of the thermoresistor Eq. (1) from the linear characteristic Eq. (2) can be taken into account as a nonlinearity. If this error exceeds the permissible value, then its reduction is one of most important tasks of the instrument design.
As an example, in order to demonstrate typical tasks appearing in the initial stages of designing measuring device, we will show the development of a mathematical model of a thermoresistor that is designed to measure the temperature of a controlled medium (liquid or gas). In this case, we assume that the measurement method and the elements of the device are known. The connection of the thermoresistor into a bridge and microcontroller is shown in Figure 1 .
Figure 1. Connecting a bridge into a microcontroller
Let us assume that the resistances of the other three arms of the bridge are independent of temperature and they are equal in a magnitude, and their nominal values are equal to the initial resistance of the thermoresistor, i.e. = ′ 0 . In this case, the bridge is called equal-armed bridge. At temperature t= 0 0 (when = ′ 0 = ) the bridge turns out to be balanced and the voltage in its measuring diagonal ab is zero. If ≠ , then the bridge is unbalanced.
Then a voltage appears in the measuring diagonal of the bridge , which is part of the supply voltage of the bridge . The magnitude and the sign of this voltage depends on the degree and direction of the unbalance of the bridge, i.e. on the resistance value of the thermoresistor. For the adopted circuit of switching on the thermoresistor, this dependence has the form = ( − )
As shown in Figure 1 , the output voltage of the bridge is considered as an input voltage of an Analog-to-Digital Converter which is a part of a microcontroller system, the voltage can be represented as = (4)
NON-LINEARITY ANALYSES
We will conduct a primary analysis of the results. Carrying out substitutions Eq. (2), Eq. (3) and Eq. (4) into Eq. (5), it is possible to determine the overall calculated non-linearity of the device, i.e. to find the dependence of its testimony on the measured temperature ̅ . Regarding to Eq. (3), the measured temperature is reduced to 
On the other hand, the resistance thermometer reading at each point of the measurement range should be equal to the measured temperature. Therefore, the desired static characteristic of the device has the following form ̄= .
Therefore, the choice of instrument parameters should be selected regarding to at least two conditions = and = .
The first condition can always be met by selecting the appropriate voltage gain of the amplifier.
The second condition cannot be strictly fulfilled, so ′ 1 ≠ 0.
Therefore, the choice of coefficients and, consequently, the physical parameters of the device that affect the values of these coefficients, must be subordinated to the following condition: the approximation error should not exceed the specified value.
This error is the difference between the calculated and the desired static characteristics of the device, i.e. it looks like: N( , , ) = 1+ − (8) From a brief analysis, the calculated static characteristic Eq. (5) allows to go directly to solving the problems of signal conditioning, i.e. the choice of such parameters at which the device has the desired output characteristics (in this case, the desired static characteristic Eq. (7)).
EXPERIMENTAL SETUP
The experimental setup exists at the laboratory of Measurement and Transducer at Mechatronics Engineering Department and it consists of the following parts: 1. Heater system which includes: housing for 4 types of temperature sensors, a ventilation system.
2. AC power supply 30 Volts 3. Trainer kit which contains 4 plugs for 4 types of temperature sensors.
4. Arduino Uno microcontroller platform. The connection of signal conditioning for RTD is shown in Figure 2 . 
or ̅ = (
The Arduino program which allows to calculate the measured temperature from Eq. (13) is shown in Figure 3 .
The program is developed using Mark hub package under LabVIEW environment. 
EXPEREMENTAL PROCEDURE AND EXPREMNETAL RESULTS
The experimental procedure is following. 1. Connect Pt100 into the traner kit 2. Connect the output of the bridge into the analog input A0 (A0 channel) of Arduino Uno platform.
3. Connect the serial communication plug of Arduino Uno platform into USB plug of the PC or Laptop. 4. Open Labview software and run the VI 5. Adjust the temperature of the heater by temperature controller which is included in the heater system. 6. Read the temperature displayed by a glass thermometer and by Labview.
After running the experimental procedure a table (which contains the values of actual temperature and the values of the measured temperature ̅ ) is obtained. This table is used to define the values of a and b of Eq. (5). This can be done by using cftool GUI under MATLAB software.
It was shown that the value of a and b vary according to the model of representation of the values to be measured (experimental results).
It was found that in Eq. (5) the constant a is less than 1 (0.9738) and the value of b is about -0.0003041. This resulting in considering the signal conditioning circuit design as a main issue in non-linearity analyses.
CONCLUSION
In this paper, a novel approach of non-linearity estimation is presented. Experimentally, it was shown that there is a relationship between conditioning circuit parameters and the measured temperature. A nonlinearity of temperature measurement was expressed as a function of a bridge parameters which are an important factor that have influence on the resulting measured temperature.
